We present micro-PIV measurements of suspended microparticles of diameters from 0.6 µm to 10 µm undergoing acoustophoresis in an ultrasound symmetry plane in a microchannel. The motion of the smallest particles are dominated by the Stokes drag from the induced acoustic streaming flow, while the motion of the largest particles are dominated by the acoustic radiation force. For all particle sizes we predict theoretically how much of the particle velocity is due to radiation and streaming, respectively. These predictions include corrections for particle-wall interactions and ultrasonic thermoviscous effects, and they match our measurements within the experimental uncertainty. Finally, we predict theoretically and confirm experimentally that the ratio between the acoustic radiation-and streaming-induced particle velocities is proportional to the square of the particle size, the actuation frequency and the acoustic contrast factor, while it is inversely proportional to the kinematic viscosity.
I. INTRODUCTION
Acoustofluidics and ultrasound handling of particle suspensions, recently reviewed in Review of Modern Physics [1] and Lab on a Chip [2] , is a field in rapid growth for its use in biological applications, such as separation and manipulation of cells and bioparticles. Microchannel acoustophoresis has largely been limited to manipulation of micrometer-sized particles, such as yeast [3] , blood cells [4] , cancer cells [5] [6] [7] , natural killer cells [8] , and affinity ligand complexed microbeads [9] , for which the acoustic radiation force dominates. Precise acoustic control of sub-micrometer particles, e.g. small bacteria, vira, and large biomolecules remains a challenge, due to induction of acoustic streaming of the suspending fluid. Nevertheless, acoustic streaming has been used to enhance the convective transport of substrate in a microenzyme reactor for improved efficiency [10] , while acoustic manipulation of sub-micrometer particles has been achieved in a few specific cases including enhanced biosensor readout of bacteria [11] and bacterial spores [12] , and trapping of E-coli bacteria [13] .
When a standing ultrasound wave is imposed in a microchannel containing an aqueous suspension of particles, two forces of acoustic origin act on the particles: the Stokes drag force from the induced acoustic streaming and the acoustic radiation force from sound wave scattering on the particles. To date, the experimental work on acoustophoresis has primarily dealt with cases where the acoustic radiation force dominates the motion, typically for particles of diameters larger than 2 µm. Quantitative experiments of 5-µm-diameter polymer particles in water [14] [15] [16] have shown good agreement with the classical theoretical predictions [17, 18] of the acoustic radiation force acting on a microparticle of radius a much smaller than the acoustic wavelength λ, and where the viscosity of the suspending fluid is neglected. However, as the particle diameter is decreased below 2 µm, a few times the acoustic boundary-layer thickness, the particle motion is typically strongly influenced by the Stokes drag force from the induced acoustic streaming flow, which has been reported by several groups [19] [20] [21] , and the radiation force is modified due to the acoustic boundary layer [22] .
As pointed out in a recent review [19] , the acoustic streaming is difficult to fully characterize due to its many driving mechanisms and forms. In acoustofluidic systems, the streaming is primarily boundary-driven arising at rigid walls from the large viscous stresses inside the sub-micrometer-thin acoustic boundary layer of width δ. The boundary-driven acoustic streaming was theoretically treated by Rayleigh [23] for an isothermal fluid in an infinite parallel-plate channel with a standing wave parallel to the plates of wavelength λ much larger than the plate distance h, and where h is large compared to δ, i.e. λ ≫ h ≫ δ. However, in many applications of acoustofluidic systems the channels provide enhanced confinement, the acoustic wavelength is comparable to the channel height, and the liquid cannot be treated as being isothermal. Rayleigh's prediction is often cited, but to our knowledge the literature contains no quantitative validation of its accuracy when applied to acoustofludic systems. This lack of quantitative tests is most likely due to the fact that boundary-driven acoustic streaming is very sensitive to geometry and boundary conditions, making it difficult to achieve sufficient experimental control. However, quantitative comparisons between theory and experiment of acoustic streaming are crucial for the advancement of the acoustofluidics research field. Understanding and controlling the ratio of radiation-and streaming-induced acoustophoretic velocities may be the key for future realization of ultrasound manipulation of sub-micrometer particles.
In 2011, we presented a temperature-controlled micro-PIV setup for accurate measurements of the acoustophoretic microparticle motion in a plane [15] . Here, we use the same system and the ability to establish a well-controlled transverse resonance for quantitative studies of how much the radiation-and streaminginduced velocities, respectively, contribute to the total acoustophoretic velocity. More specifically, as illustrated in Fig. 1 , we study the microparticle motion in the ultrasound symmetry plane (magenta) of a straight rectangular microchannel of width w = 377 µm and height h = 157 µm. We determine the velocities for particles of diameter 2a ranging from 0.6 µm to 10 µm, and based on this we examine the validity of Rayleigh's theoretical streaming prediction. We also derive theoretically and validate experimentally an expression for the microparticle velocity as function of particle size, ultrasound frequency, and mechanical properties of the suspending medium.
II. THEORY OF SINGLE-PARTICLE ACOUSTOPHORESIS
In this work we study a silicon-glass chip containing a rectangular microchannel sketched in Fig. 1 and described further in Section III. The microchannel contains a particle suspension, and the chip is ultrasonically actuated by attaching a piezo transducer to the chip and driving it with the voltage U pp at the angular frequency ω = 2πf , where f is a frequency in the low MHz range. By proper tuning of the applied frequency, the actuation induces a resonant time-harmonic ultrasonic pressure field p 1 (r) exp (−iωt) and velocity field v 1 (r) exp (−iωt), here expressed in the complex timeharmonic notation. Throughout the paper, we only study the case of a 1D transverse pressure resonance of amplitude p a and wavenumber k = 2π/λ,
The case of λ/2 = w or k = π/w is shown in Fig. 2 (a). The particle suspensions are dilute enough that the particle-particle interactions are negligible, and thus only single-particle effects are relevant. These comprise the acoustic radiation force due to particle-wave scattering and the viscous Stokes drag force from the acoustic streaming flow. Both effects are time-averaged secondorder effects arising from products of the first-order fields. The drag force from the acoustic streaming flow dominates the motion of small particles, while the motion of larger particles are dominated by the acoustic radiation force. This is clearly illustrated in recent numerical simulations by Muller et al. [24] , which are reproduced in Fig. 2 : (b) the streaming flow advects small particles in a vortex pattern, and (c) radiation force pushes larger particles to the pressure nodal plane at y = 0.
A. The acoustic radiation force
We consider a spherical particle of radius a, density ρ p , and compressibility κ p suspended in a liquid of density ρ 0 , compressibility κ 0 , viscosity η, and momentum diffusivity ν = η/ρ 0 . Recently, Bruus and Settnes [22] gave an analytical expression for the viscosity-dependent time-averaged radiation force F rad in the experimentally relevant limit of the wavelength λ being much larger than both the particle radius a and the thickness δ = 2ν/ω of the acoustic boundary layer, without any restrictions on the ratioδ = δ/a. For the case of a 1D transverse pressure resonance, Eq. (1), the viscosity-dependent acoustic radiation force on a particle located at (y, z) reduces to the z-independent expression
where E ac = in terms of the material parameters as
We note that for all the microparticle suspensions studied in this work including the viscous 0.75:0.25 water:glycerol mixture, the viscous corrections to Φ are negligible as we find Φ(κ,ρ,δ)/Φ(κ,ρ, 0) − 1 < 0.4 %. If F rad is the only force acting on a suspended particle, the terminal speed of the particle is ideally given by the Stokes drag as u rad = F rad /(6πηa). Using Eq. (2) for the transverse resonance, u rad only has a horizontal component u rad y , and this can be written in the form
where the characteristic velocity amplitude u 0 and particle radius a 0 are given by
Here, Z 0 is the characteristic acoustic impedance, and the numerical values are calculated for polystyrene particles suspended in water using parameter values listed in Section III with f = 2 MHz and E ac = 10 J m −3 as in Barnkob et al. [14, 16] B. Boundary-driven acoustic streaming
In 1884 Lord Rayleigh [23] published his now classical analysis of the boundary-driven acoustic streaming velocity field U in an infinite parallel-plate channel induced by a first-order bulk velocity field having only a horizontal y-component given by v 1 = v a sin k(y − w/2) . This corresponds to the first-order pressure of Eq. (1) illustrated in Fig. 2(a) . For an isothermal fluid in the case of λ ≫ h ≫ δ, Rayleigh found the components U y and U z of U outside the acoustic boundary to be
A plot of U driven by the 1D transverse standing halfwave resonance is shown in Fig. 3 . We expect this analytical expression to deviate from our measurements because the actual channel does have side walls, it is not isothermal, and instead of λ ≫ h we have λ = 4.8h for λ = 2w and λ = 2.4h for λ = w. At the ultrasound symmetry plane z = 0, U only has a horizontal component, which we denote u str y . In analogy with Eq. (4) this can be written as
where the sub-and superscript in the streaming coefficient s 0 p refer respectively to the parallel-plate geometry and the isothermal liquid in Rayleigh's analysis.
To estimate the effect on u str y of the side walls and the large height h ≈ λ in the rectangular channel of Fig. 1(c) , we use the numerical scheme developed by Muller et al. [24] for calculating the acoustic streaming based directly on the hydrodynamic equations and resolving the acoustic boundary layers, but without taking thermoviscous effects fully into account. The result shown in Fig. 4 reveals that u str y is suppressed by a factor of 0.82 in the rectangular geometry relative to the parallel-plate geometry and that it approaches zero faster near the side walls at y = ±w/2. The approximate result is
Vector plot (black arrows) of the acoustic streaming U and color plot of its magnitude U from zero (dark blue) to maximum (dark red) given by Rayleigh's analytical expression Eq. (6) and valid for a shallow isothermal liquid slab (λ ≫ h) between two parallel plates (gray) of distance h driven by a standing ultrasound pressure wave p 1 = p a cos k(y − w/2) for λ/2 = w or k = π/w with w = 377 µm.
where the sub-and superscript in the streaming coefficient s 0 r refer respectively to the rectangular geometry and the isothermal liquid.
We estimate the thermoviscous effect on u str y , in particular the temperature dependence of viscosity, using the analytical result by Rednikov and Sadhal for the parallelplate geometry [25] . They found a streaming factor s 
where α is the thermal expansion coefficient, D th the thermal diffusivity, and γ the specific heat ratio, and where the value is calculated for water at T = 25
• C. Combining the reduction factor 0.82 from the rectangular geometry with the enhancement factor 1.26 from thermoviscous effects leads to s
where the sub-and superscript in the streaming coefficient s T r refer respectively to the rectangular geometry and a thermoviscous liquid, see Fig. 4 .
C. Acoustophoretic particle velocity
A single particle undergoing acoustophoresis is directly acted upon by the acoustic radiation force F rad , while the acoustic streaming of velocity U contributes with a force on the particle through the viscous Stokes drag from the suspending liquid. Inertial effect can be neglected as the characteristic time scale ρ p a 2 /η of acceleration (< 1 µs) is minute in comparison with the time scale of the motion of particles (> 1 ms). The equation of motion for a spherical particle of velocity u p then becomes
As we have seen above, there are no vertical velocity components in the ultrasound symmetry plane at z = 0, and combining Eqs. (4) and (10) we obtain the horizontal particle velocity component u
where we have dropped the sub-and superscripts of the streaming coefficient s. The ratio of the radiation-and streaming-induced velocity amplitudes becomes
which scales linearly with the angular frequency ω and the square a 2 of the particle radius, but inversely with the streaming coefficient s and the momentum diffusivity ν/Φ rescaled by the acoustic contrast factor.
In Fig. 5 we show colored contour plots of the ratio u rad y /u str y : in (a) for polystyrene particles in water at 25
• C as function of the particle diameter 2a and the ultrasound frequency f , and in (b) as function of f and the rescaled momentum diffusivity ν/Φ for fixed particle diameter 2a = 2 µm. The green dots indicate the experiments described in Sections III and IV. We define the critical particle diameter 2a c for crossover from radiation-dominated to streaming-dominated acoustophoresis as the particle diameter for which u rad y (a c ) = u str y (a c ). This results in
where the numerical value is calculated for polystyrene particles in water (Φ = 0.17) at f = 2 MHz using s = s The sub-millimeter width and height of the rectangular microchannel enhance the hydrodynamic drag on the microparticles. This problem was treated by Faxén for of a sphere moving parallel to a planar wall or in between a pair of parallel planar walls [26] and later extended by Brenner [27] to motion perpendicular to a single planar wall, as summarized by Happel and Brenner [28] . The enhancement of the Stokes drag is characterized by a dimensionless correction factor χ(a) modifying Eq. (12),
No general analytical form exists for χ, so we list the result for three specific cases. For a particle moving parallel to the surface in the symmetry plane z = 0 in the gap of height h between two parallel planar walls, χ is
while for motion in the planes at z = ±h/4 it is
(17) Here the numerical values refer to a particle with diameter 2a = 10 µm moving in a gap of height h = 157 µm. Similarly, for particle motion perpendicular to a single planar wall, the correction factor is
where α = cosh −1 (∆y/a) and ∆y is the distance from the center of the particle to the wall. The numerical value refers to a 10-µm particle located at ∆y = w/4.
The values of the wall correction factor χ for all the particle sizes used in this work are summarized in Table I .
III. EXPERIMENTAL PROCEDURE
Experiments were carried out to test the validity of the theoretical predictions for the acoustophoretic particle velocity Eq. (15) in the horizontal ultrasound symmetry plane and for the ratio of the corresponding radiation and streaming-induced velocities, see Eq. (13) and Fig. 5 .
We use the experimental technique and micro-PIV system as presented in Augustsson et al. [15] . The setup is automated and temperature controlled. This enables stable and reproducible generation of acoustic resonances as a function of temperature and frequency. It also enables repeated measurements that lead to good statistics in the micro-PIV analyses. The resulting acoustophoretic particle velocities are thus of high precision and accuracy. Using the chip sketched in Fig. 1 , a total of 22 sets of repeated velocity measurement cycles were carried out on polystyrene particles of different diameters undergoing acoustophoresis in different suspending liquids and at different ultrasound frequencies. In the beginning of each measurement cycle, a particle suspension was infused in the channel while flushing out any previous suspensions. Subsequently, the flow was stopped, and a time lapse microscope image sequence was recorded at the onset of the ultrasound. The cycle was then repeated.
A. Microparticle suspensions
Two types of microparticle suspensions were examined; polystyrene particles suspended in Milli-Q water and polystyrene particles suspended in a 0.75:0.25 mixture of Milli-Q water and glycerol. To each of the two Table II . Note that the rescaled momentum diffusivity ν/Φ of the glycerol suspension is 3 times larger than that for the Milli-Q water suspension. We analyzed 12 particle suspensions by adding particles of 6 different diameters 2a from 0.6 µm to 10 µm to the two liquids. The particle diameters were measured using a Coulter Counter (Multisizer 3, Beckman Coulter Inc., Fullerton, CA, USA) and fitting their distributions to Gaussian distributions, see Supplemental Material. The resulting diameters are listed in Table III .
The concentration C of the particles were calculated based on the concentrations provided by the manufacturer and varies in this work from 10 10 m −3 for the largest particles in the 0.75:0.25 mixture of water and glycerol to 10 15 m −3 for the smallest particles in the pure water solution. The concentrations correspond to mean inter particle distances C −1/3 ranging from 4 particle diameters for the largest 10-µm particle in water to 173 particle diameters for the smallest 0.6-µm particle in the 0.75:0.25 mixture of water and glycerol. Mikkelsen and Bruus [35] have reported that hydrodynamic effects become significant for interparticle distances below 2 particle diameters. Thus we can apply the single-particle theory presented in Section II.
B. Measurement series
We measured the acoustophoretic velocities of polystyrene microparticles in the following four series of experiments, the second being a repeat of the first: MQ0: Milli-Q water, f = 1.940 MHz, λ = 2w, and 2a = 1.0, 1.9, 2.6, and 5.1 µm. MQ1: Milli-Q water, f = 1.940 MHz, λ = 2w, and 2a = 0.6, 1.0, 1.9, 2.6, 5.1, and 10.2 µm. MQ2: Milli-Q water, f = 3.900 MHz λ = w, and 2a = 0.6, 1.0, 1.9, 2.6, 5.1, and 10.2 µm. GL2: 0.75:0.25 Milli-Q water:glycerol, f = 2.027 MHz λ = 2w, and 2a = 0.6, 1.0, 1.9, 2.6, 5.1, and 10.2 µm.
Given the different particle diameters, we thus have the above-mentioned 22 sets of acoustophoretic particlevelocity measurements, each consisting of 50 to 250 measurement cycles. All experiments were carried out at a fixed temperature of 25
• C and the applied piezo voltage U * pp . The camera frame rate was chosen such that the particles would move at least a particle diameter between two consecutive images. The measurement field of view was 1280 × 640 pixels corresponding to 892 µm × 446 µm. The imaging parameters were: optical wavelength 520 nm for which the microscope objective is most sensitive, numerical aperture 0.4, and magnification 20. See acquisition details in the Supplemental Material.
C. Micro-PIV analysis
The micro-PIV analyses were carried out using the software EDPIV -Evaluation Software for Digital Particle Image Velocimetry, including the image procedure, the averaging in correlation space, and the window shifting described in detail in Ref. [15] . For the MQ1, MQ2, and Gl1 series, the interrogation window size was 32 × 32 pixels with a 50 % overlap resulting in a 79×39 square grid with 16 pixels between each grid point. For the MQ0 series, the interrogation window size was 64 × 64 pixels with a 50 % overlap resulting in a 39 × 19 square grid with 32 pixels between each grid point.
In micro-PIV all particles in the volume are illuminated, and the thickness of the measurement plane is therefore related to focal depth of the microscope objective. This thickness, denoted the depth of correlation (DOC), is defined as twice the distance from the measurement plane to the nearest plane for which the particles are sufficiently defocused such that it no longer contributes significantly to the cross-correlation analysis [36] . The first analytical expression for the DOC was derived by Olsen and Adrian [37] and later improved by Rossi et al. [38] . Using the latter, we found that the DOC ranges from 14 µm to 94 µm ≈ h/2 for the smallest and the largest particles, respectively. Consequently, in the vertical direction all observed particles reside within the middle half of the channel.
IV. RESULTS
The core of our results is the 22 discrete acoustophoretic particle-velocity fields obtained by micro-PIV analysis of the 22 sets of acoustic focusing experiments and shown in the Supplemental Material. As in Ref. [15] , the measured microparticle velocities u p are thus represented on a discrete x n × y m micro-PIV grid
All measured velocities presented in the following are normalized to their values at U pp = 1 V using the voltage- squared law [14] ,
where the asterisk denotes the actual measured values. As a result, the extracted velocity amplitudes and acoustic energy densities are normalized as well,
The actual peak-to-peak values of the applied voltage U * pp for all four experimental series are given in the Supplemental Material.
A. Excitation of a 1D transverse standing wave
In Figs. 6 and 7 we verify experimentally that the acoustophoretic particle velocity is of the predicted sinusoidal form given in Eq. (12) and resulting from a 1D transverse standing wave. For the actual applied voltage of U * pp = 7.94 V the maximum velocity was measured to be 1.77 mm s −1 , which by Eq. (20) is normalized to the maximum velocity u p * max = 28 µm s −1 seen in Fig. 6 . A detailed analysis of the measured velocity field reveals three main points: (i) The average of the ratio of the axial to the transverse velocity component is practically zero, |u p x /u p y | < 5 %, (ii) the maximum particle velocity along any line with a given axial grid point coordinate x m varies less than 6 % as a function of x m , and (iii) the axial average u 
B. Measuring the velocity amplitude
In Fig. 7(a) we plot the axial average u p y x of the transverse velocity component u p y (black and red points) and its standard deviation σ( u p y x ) (error bars) for the velocity field shown in Fig. 6 at the standing half-wave resonance frequency f = 1.940 MHz for the 1-µm-diameter streaming-dominated particles (series MQ1). The measured velocities away from the side walls (red points) are fitted well by the predicted sinusoidal velocity profile u a sin(2ky) (blue curve) Eq. (12) for fixed wavelength λ = 2π/k = 2w and using u a as the only fitting parameter. Velocities close to the side walls (black points) are discarded due to their interaction with the side walls. As seen numerically in Fig. 4 , the no-slip boundary condition on the side walls of the rectangular geometry suppresses the streaming velocity near the side walls relative to sinusoidal velocity profile of the parallel-plate geometry.
As shown in Fig. 7(b) , the theoretical prediction also fits well the measured velocities away from the side walls for the large radiation-dominated 10-µm-diameter particles (series MQ1, λ/2 = w). Likewise, as seen in Fig. 7(c) , a good fit is also obtained for the 1-µm-diameter particles away from the side walls at the standing full-wave frequency f = 3.900 MHz (series MQ2, λ = w).
Given this strong support for the presence of stand- The characteristic velocity amplitude u 0 is determined from fitting Eq. (12) to the gray points in each series using Eac and s as fitting parameters resulting in the values listed in Table IV (a) (green dashed lines). The standard deviation of ua/u 0 is less than the symbol size and the standard deviations on the particle diameters are indicated as black lines.
ing transverse waves, we use this standing-wave fitting procedure to determine the velocity amplitude u a in the following analysis of the acoustophoretic particle velocity. In spite of the normalization to the same driving voltage of 1 V, the velocity amplitude of the half-wave resonance in Fig. 7(a) is 400 times larger than that of the full-wave resonance in Fig. 7(c) . This is due to a difference in coupling to the piezo and in dissipation.
C. Velocity as function of particle diameter
To analyze in detail the transverse velocity amplitude u a in all four series MQ0, MQ1, MQ2, and Gl1, we return to the wall-enhanced drag coefficient χ of Section II D. In general, χ depends in a non-linear way on the motion and position of the particle relative to the rigid walls. However, in Section III C we established that the majority of the observed particles reside in the middle half of the channel, and in our standing-wave fitting procedure for u a in Section IV B we discarded particles close to the side walls. Consequently, given this and the values of χ in Table I , it is a good approximation to assume that all involved particles have the same wall correction factor, namely the symmetry-plane, parallel-motion factor,
As the drag-correction only enters on the radiationinduced term in Eq. (15), we introduce a wall-dragcorrected particle size a wd = (χ paral z=0 ) − 1 2 a. To determine the acoustic energy density E ac and the streaming coefficient s we plot in Fig. 8 , for each of the four experiment series, u a /u 0 versus the particle diameter 2a (colored symbols) and wall-drag-corrected particle diameter 2a wd (gray symbols). The characteristic velocity amplitude u 0 is determined in each series by fitting the wall-drag-corrected data points to Eq. (12) using E ac and s as fitting parameters. In all four experiment series, a clear a 2 -dependence is seen. Notice further that the velocities follow almost the same distribution around the fitted line in all series. This we suspect may be due to systematic errors, e.g. that the 5-µm-diameter particles are slightly underestimated (see the Coulter data in Supplemental Material). The resulting fitting parameters E ac and s are listed in Table IV (a). The energy densities normalized to U pp = 1 V, see Eq. (21b) varies with more than a factor 700 due to a large difference in the strength of the excited resonances. According to the predictions in Section II the streaming coefficient s should be constant, but experimentally it varies from 0.18 to 0.25. However, taking the fitting uncertainties into account in a weighted average, leads to s w = 0.192 ± 0.010 close to s of Eq. (10).
Another approach for extracting E ac and s is to assume that the smallest particles 2a = 0.6 µm are influenced only by the streaming-induced drag. If so, the velocity of the largest 2a = 10 µm particle has a streaming component of less than 6 %, see the measured ratios u 0.6 µm a /u 10 µm a in Table V . Therefore, we further assume that the 10 µm-diameter particles are influenced solely by the radiation force, and from u rad a = u a (a/a 0 ) 2 we determine the acoustic energy density as
Knowing the acoustic energy density, we use Eq. (7) to calculate the streaming coefficient s from u str a = u 0 s as
Assuming that the largest error is due to the dispersion in particle size, we obtain the results listed in Table IV(b) . The acoustic energy densities are close to the ones extracted from the fits in Fig. 8 and the geometric streaming coefficient varies from 0.180 to 0.203 with an weighted average of s w = 0.191±0.005. Note that using Eqs. (23) and (24), we only need to consider the dispersion of the 10-µm-diameter particles, which results in a more reliable estimate of s. We use the acoustic energy densities in Table IV (b) together with the material parameters in Table II to calculate u 0 and a 0 , Eq. (5), for each of the experiment series MQ1, MQ2, and Gl1. According to the theoretical prediction in Eq. (12) , all data points must fall on a straight line of unity slope and intersection s if plotted as the normalized velocity amplitude u a /u 0 as function of the normalized particle radius squared (a/a 0 ) 2 . The plot is shown in Fig. 9 showing good agreement with the theoretical prediction using s T r ≈ 0.194.
D. Velocity ratios
In Table V we list velocity ratios for different particle sizes in the experiment series MQ1, MQ2, and Gl1.
From Eq. (12) we expect u a − u str a ∝ a 2 leading to the prediction (u Table V , where we obtain values ranging from 0.27 to to 0.29, or a deviation of 8 to 18 %.
Assuming that the smallest 0.6-µm-diameter particles and the largest 10-µm-diameter particles are influenced only by the acoustic streaming and the acoustic radiation force, respectively, we can estimate the ratio of radiation-and streaming-induced velocities as u , which are listed in the second column in Table V . First, we notice that the ratio increases by a factor of 88.4/49.6 = 1.8 as we increase the frequency by a factor of 3.900/1.940 = 2.0. This agrees well with a linear increase with frequency as predicted by Eq. (13) . Secondly, we notice that the ratio increases by a factor of 48.6/16.4 = 3.0 as we change the suspending medium from a 0.75:0.25 mixture of water and glycerol to pure water. According to Eq. (13) u rad a /u str a increases linearly with ν/Φ and from Table II we obtain a predicted ratio increase of 16.8/5.25 = 3.2, which matches well with the experimentally-estimated ratio.
With these results we have gained experimental support for the theoretical prediction of the velocity ratio given in Eq. (13).
V. DISCUSSION
Our results verify experimentally the theoretically predicted dependence of the magnitude of the acoustophoretic velocity in a microchannel on the viscosity of the suspending liquid, the acoustic contrast factor Φ, and the ultrasound frequency.
For most situations involving cells, isotonic solutions are used such as PBS, sodium chloride, or blood plasma. Direct manipulation of small particles such as bacteria in plasma or in buffers of high levels of protein is problematic, primarily due to the high viscosity of those media. When possible, these media should be exchanged prior to manipulation to increase the potential for success.
Increasing the frequency in the system would allow for a reduction of the critical diameter of particles. One adverse effect of a higher frequency is that the channel width must be narrowed down which affect the throughput in the system. This problem can, however, be overcome by designing a channel of high aspect ratio, where the resonance occurs over the smallest dimension [39] .
Another benefit of high aspect ratio channels was pointed out by Muller et al. [24] . Since the acoustic streaming emanates from the walls perpendicular to the wave propagation, here the top and bottom, a high channel leads to a weaker average streaming field in the center.
The measurements of particle velocities for polystyrene particles ranging from 0.6 µm to 10 µm give no support to previous measurements presented by Yasuda and Kamakura [40] in 1997. Their rather spectacular result was that particles below a certain size move faster than larger particles do. From the experiments reported herein it is clear, however, that the motion of particles indeed can be well described with the analyses presented by Rayleigh [23] , Yosioka and Kawasima [17] , and Gorkov [18] .
The uncertainties in the measured particle velocities may in particular be due to the following four causes: (i) Variations in particle density ρ p and compressibility κ p as function of particle producer (Fluka and G. Kisker) or batch, (ii) deviations from normal distributed particle sizes as shown in Supplemental Material Fig. 1 , (ii) local fluctuations in the bead concentrations leading to particle-particle interactions, and (iv ) viscosity variations induced by the suspended particles.
To better understand the nature of acoustic streaming in microchannels the streaming field should be mapped for the channel cross section and along the whole length of the channel. As reported by Hagsäter et al. [41] and Augustsson et al. [15] the acoustic field can deviate dramatically from the very uniform one dimensional field reported herein. Non symmetrical acoustic fields can be expected to generate far more complex streaming fields.
VI. CONCLUSIONS
We have investigated the motion of microparticles due to acoustic radiation and acoustic streaming inside a liquid-filled long, straight rectangular channel of width w and height h driven by an ultrasound standing wave of wavelength λ .
Fortuitously, the simple analytical expression derived by Lord Rayleigh for the streaming velocity in an isothermal liquid slab between two infinite parallel plates fulfilling λ ≫ h, is a good approximation for the specific rectangular channel of Fig. 1 containing a thermoviscous liquid and fulfilling λ ≈ h. The reduction in velocity obtained when substituting the parallel plates with the rectangular geometry is almost perfectly compensated for by the enhancement in velocity from substituting the isothermal liquid by the thermoviscous one.
A theoretical prediction was made, Eq. (12), for the dependence of the radiation-and streaming-induced velocities on the size of the particles, the ultrasound frequency, the viscosity of the suspending liquid, and the acoustic contrast factor. This prediction was found to be in excellent agreement with experimental findings as shown by the collapse after re-scaling of data from 22 different measurement on the same line in Fig. 9 . The results have bearing on acoustophoretic manipulation strategies for sub-micrometer biological particles such as bacteria and vira, which are too small to be handled using the present manifestation of this technique. We can conclude that increasing the ultrasound frequency, increase of the channel aspect ratio, and lowering the viscosity of the suspending fluid is probably the most viable route to conduct such manipulation.
